OsLEA5 acts as a co-regulator of a transcriptional fact ZFP36 to enhance the expression and the activity of ascorbate peroxidase OsAPX1 to regulate seed germination in rice, but it it unknown whether OsLEA5 is also crucial in plant seedlings under stress conditions. To determine this, we generated OsLEA5 overexpression and knockdown rice plants. We found that overexpression of OsLEA5 in rice plants enhanced the tolerance to drought and salt stress; in contrast, an RNA interference (RNAi) mutant of OsLEA5 rice plants was more sensitive to drought and salinity. Further investigation found that various stimuli and ABA could induce OsLEA5 expression, and OsLEA5 acted downstream of ZFP36 to be involved in ABA-induced generation of hydrogen peroxide (H 2 O 2 ), and the regulation of the expression and the activities of antioxidant defense enzymes in plants leaves, and OsLEA5 contributed to stabilize ZFP36. Additionally, OsLEA5 participates in the accumulation of ABA by up-regulating ABA biosynthesis genes and down-regulating ABA metabolism genes. Moreover, we found that two homologs of OsLEA5 (5C700, short for Os05g0526700; and 5C300, short for Os05g0584300) which were induced by ABA also interacted with ZFP36 separately; interestingly, the nuclear-located 5C700 could also act as a co-activator of ZFP36 to modulate OsAPX1, while 5C300 which was down-regulated by ABA induction acted as an ABA-induced inhibitor of ZFP36 to regulate OsAPX1. Hence, our conclusion is that OsLEA5 participates in the ABA-mediated antioxidant defense to function in drought and salt stress response in rice, and the 5C subgroup of LEAs contribute by acting as co-regulators of the transcription factor ZFP36.
Introduction
Water deficit and high salinity stress limit plant productivity worldwide. Plants have developed a series of sophisticated mechanisms at multiple levels to defend against adverse environmental stresses such as inducing the expression of stressrelated genes (Yamaguchi-Shinozaki and Shinozaki 2006), the osmolyte biosynthesis genes, such as late embryogenesis abundant (LEA) proteins, and reactive oxygen species (ROS)-producing (as a signal) and scavenging (as oxidative damage) genes.
LEA proteins, which are defined by the pronounced increase of their expression in embryos during late embryogenesis and their disappearance during subsequent germination stages (Dure et al. 1981) , constitute a multigene family that is closely associated with resistance to abiotic stress in multiple organisms and protect cells against drought and other stresses. Increasing evidence indicates that LEA proteins play a role in a spectrum of biological processes, including plant growth and development, morphogenesis and senescence (Dure et al. 1989 , Welin et al. 1995 , Xu et al. 1996 , Xiao and Xue 2001 , Campos et al. 2013 , and the biochemistry of LEA proteins has been the subject of intensive studies which mostly were conducted in Escherichia coli plant callus (Joh et al. 1995 , Boucher et al. 2010 , Park et al. 2011 , He et al. 2012 , Barros et al. 2015 , Pathak and Ikeno 2017 , and there were several reports of LEA proteins in transgenic plants. For instance, HVA1 from barley confers tolerance to water deficit and salt stress in transgenic rice (Xu et al. 1996) ; RAB21 (Xiong et al. 2014) , RAB16D (Tang et al. 2016 ) and LEA3 (Xiao et al. 2007 , Hu 2008 are key members involved in response to water deficit; the pepper CaLEA1 was a key factor in drought and salt response (Lim et al. 2015) ; overexpression of SmLEA2 improved tolerance of Salvia miltiorrhiza to excess salt and drought stress (Wang et al. 2017) ; and PpDHNA and PpDHNC confer salinity and drought tolerance to transgenic Arabidopsis plants (Q. . It has been identified that overexpression of hydrophobic OsLEA5 which is an atypical LEA gene could enhance tolerance to several abiotic stresses by increasing the lactate dehydrogenase (LDH) content in E. coli (He et al. 2012) , but its precise physiological functions in plants are mostly not known ABA is an important plant hormone and is involved in many aspects of plant growth and development (Hu et al. 2005 , Bright et al. 2006 , Cruz et al. 2014 , Großkinsky et al. 2014 , Li et al. 2015 , Ye et al. 2017 ). In addition, ABA controls many stress adaptation responses and the activation of genes involved in osmotic adjustment (Zhang et al. 2014) . ABA also helps in inducing the antioxidant defense system, thus reducing oxidative damage caused by osmotic stress and oxidative stress in plants Zhang 2001, Zhang et al. 2014) . In rice, which is a paddy crop and susceptible to drought stress, there are 34 LEA proteins divided into an ABA-dependent and an ABA-independent group (Wang et al. 2007) ; however, it is unclear whether OsLEA5 is involved in ABA signaling. The modulation of stress-induced genes is a critical mechanism for plant to cope with adverse growth conditions. Gene regulation can be executed essentially at all levels of gene expression. The promoter DNA elements (cis-elements) interacting with proteins (trans-acting factors) is a traditional strategy to control gene expression at the transcriptional level, and transcription factors and their chaperones play key roles in modulating gene expression in response to stress. A previous study revealed that OsLEA5 could interact with a zinc finger protein ZFP36 which was also named bsr-d1 (W. ) and enhance the expression of OsAPX1 and the activity of ascorbate peroxidases (APXs) to scavenge hydrogen peroxide (H 2 O 2 ; one of the most important type of ROS) in rice seeds (Huang et al. 2018) , ZFP36 is a TFIIIA-type zinc finger protein and has a key role in modulating ROS homeostasis (Zhang et al. 2014) , but the mechanism has not been precisely reported; whether OsLEA5 is also important in ROS homeostasis in plants remains unclear. OsLEA5-ZFP36 interaction could directly regulate OsAPX1; whether other members of the LEA protein 5C subgroup play a similar role to OsLEA5 is still unknown. In this study, we characterized the function of OsLEA5 using OsLEA5 RNAi (RNA interference) and OsLEA5-overexpressing transgenic plants. Our conclusion is that OsLEA5 is a key factor in ABA-induced antioxidant defense and functions in drought and salt stress tolerance, and OsLEA5 plays a pivotal role in ROS homeostasis in plants leaves.
Results

OsLEA5 characterization
The basic bioinformational analysis of OsLEA5 was conducted by He et al. (2012) , while the specific characters remained to be elucidated. To characterize OsLEA5, we extracted RNA from various tissues of rice and analyzed the tissue expression pattern of OsLEA5 in rice by quantitative real-time PCR (qRT-PCR). Our results showed that OsLEA5 was highly expressed in leaves and root (Fig. 1A) , which was consistent with the microarray data (http://ricexpro.dna.affrc.go.jp/GGEP/graph-view. php? featurenum=22238).
To explore the possible involvement of OsLEA5 in abiotic stress response, we analyzed the expression patterns of OsLEA5 in rice plants after treatment with various stimuli and ABA. qRT-PCR analyses revealed that the expression of OsLEA5 displayed a biphasic pattern, which was significantly and rapidly induced within 1-6 h of drought or salt treatment, especially under drought; 4-to 6-fold increases were identified (Fig. 1B) . With H 2 O 2 treatment, the first maximal expression was at 20 min and the second was at 120 min. Treatment of rice plants with ABA induced the expression of OsLEA5; the expression pattern was almost the same as that under H 2 O 2 treatment, showing a significant response in the first maximal expression of OsLEA5 after 30 min of ABA treatment, which was later than under H 2 O 2 treatment, and then decreased, followed by another maximal expression at 120 min (Fig. 1B) . These data indicate that OsLEA5 is a stress-responsive LEA gene in rice, and OsLEA5 is a candidate gene for ABA signaling.
We also determined the subcellular localization of OsLEA5. OsLEA5 with a yellow fluorescent protein (YFP) tag under the control of the constitutive Cauliflower mosaic virus 35S promoter was transiently expressed in rice protoplast cells. YFP fluorescence was widespread in plant cells. The nuclear localization of OsLEA5-YFP was confirmed by its co-localization with the nuclear marker red fluorescent protein (RFP)::H2A (NM) (Yu et al. 2015) (Fig. 1C) , and the membrane localization was determined by the co-localization with the membrane marker pm-rk CD1007 (Delporte et al. 2014) (Fig. 1C) .
Overexpression of OsLEA5 in rice enhances salinity and drought tolerance, while silencing of OsLEA5 confers decreased seedling tolerance
OsLEA5 is important in seed germination (Huang et al. 2018 ), but whether OsLEA5 has a key role in regulating drought or salt stress tolerance is not known. To determine this, we generated transgenic rice overexpressing the coding sequence of OsLEA5 and OsLEA5-silenced transgenic rice plants. The recombinant vectors were transferred to Agrobacterium tumefaciens EHA105 and then were used to transform rice. Two independent lines (OE1 and OE2) with OsLEA5 overexpression and two independent lines (RNAi1 and RNAi2) with OsLEA5 silencing were selected for analysis. As shown in Fig. 2A , the expression of OsLEA5 in OE1 and OE2 plants was significantly higher than that in wild-type (WT) plants, and the expression of OsLEA5 in RNAi1 and RNAi2 plants was obviously lower than that in WT plants.The rice seedlings of the WT, transgenic rice overexpressing OsLEA5 (OE1 and OE2) and silenced OsLEA5 (RNAi1 and RNAi2) were treated with polyethylene glycol (PEG; simulation of water stress) and NaCl to explore the function of OsLEA5 in drought and salt stress tolerance. As shown in Fig. 2B , under normal growth conditions, there were no significant differences between the OE1 and OE2 lines or RNAi1 and RNAi2 lines and WT plants; under water stress induced by 20% PEG 6000 and 150 mM NaCl, the OE1 and OE2 plants had a higher survival rate than WT plants (Fig. 2B) . In contrast, RNAi1 and RNAi2 plants exhibited a lower survival rate (Fig. 2B ) than WT plants under the stressed conditions. We also investigated ion leakage rates in plants under PEG or NaCl treatment. Consistently, OsLEA5-RNAi lines displayed significantly higher ion leakage and malondialdehyde (MDA) content (Fig. 2C) , while OsLEA5-OE lines had lower ion leakage and MDA than WT plants, indicating that overexpression of OsLEA5 in rice plants could decrease cell membrane damage while silenced OsLEA5 could increase the damage compared with WT plants. These results suggest that OsLEA5 is a positive regulator of water stress in rice plants.
OsLEA5 participates in regulating the expression of stress-related genes Based on the phenotype of rice tolerance to water stress mentioned above, we predicted that the expression of stress-related genes would be different between OsLEA5-overexpressing and knockdown lines. We selected several reported stressrelated genes to test by qPCR. As shown in Fig. 3A , several stress-responsive genes such as RAB21 (Xiong et al. 2014) , RAB16D (Tang et al. 2016 ) and LEA3 (Xiao et al. 2007) were highly expressed in OsLEA5-OE lines, while the expression was decreased in OsLEA5-RNAi lines (Fig. 3A) . The expression of genes encoding antioxidant defense enzyme which were ROS scavengers, such as OsAPX1, CatB and SODCc2 (Zhang et al. 2014) , and the NADPH oxidase (Rboh) genes which were ROS generators, such as OsRbohB and OsRbohE (Zhang et al. 2014) , was higher in the leaves of the OE1 and OE2 plants than that in the WT plants, and the expression of these genes was lower in the RNAi1 and RNAi2 plants than in the WT (Fig. 3B) . Additionally, the ABA biosynthesis genes such as NCED1 and NCED3, and the ABA degradation genes such as1 OsABA8ox2 (Mao et al. 2017) were also regulated by OsLEA5 (Fig. 3C) . These results suggest that OsLEA5 plays a key regulatory role, either direct or indirect, in the expression of ROS-generating or ROSscavenging genes (Fig. 3B) and ABA biosynthesis or ABA catabolism genes (Fig. 3C ) during water stress. Values are means ± SE of three independent experiments. *P < 0.05 and **P < 0.01.
ABA participates in water stress by modulating OsLEA5 expression
Water stress is related to phytohormones, and ABA may be one of the most important plant hormones regulating both stress and the expression of ZFP36 (Zhang et al. 2014) and OsLEA5 (Fig. 1C) . To determine whether ABA-regulated water deficit tolerance is mediated by OsLEA5, exogenous ABA was applied to the plants. Our results showed that in the presence of ABA, the shoot length of OsLEA5-OE lines was significantly shorter than that of the WT, whereas that of the RNAi lines was longer than that of the WT plants ( Fig. 3E) , indicating that the sensitivity of rice plants to ABA is positively correlated to the level of OsLEA5. To test whether endogenous ABA production was affected by OsLEA5, we investigated the content of ABA in the plants, and the results showed that OsLEA5 overexpression lines accumulated a higher ABA level compared with WT plants (Fig. 3D) , while the silenced lines of OsLEA5 showed a lower concentration of ABA compared with WT plants (Fig. 3D) . Combined with the results in Fig. 3C -E, we conclude that ABA participates in water stress by modulating OsLEA5 expression, and OsLEA5 could enhance the ABA level via up-regulating the ABA biosynthetic genes and down-regulating the ABA degradation genes.
OsLEA5 acts downstream of ZFP36 to participate in ABA-induced H 2 O 2 homeostasis One mode of ABA-mediated tolerance to water deficit is the generation of the second signal ROS, at the same time, to trigger Ten-day-old rice seedlings were treated with 15% PEG 6000, 150 mM NaCl for 2 d, and then leaves were sampled for the determination of MDA content and electrolyte leakage. The experiments were repeated at least three times. Means denoted by the same letter did not significantly differ at P < 0.05 according to Duncan's multiple range test. the expression of antioxidant defense enzymes to scavenge the redundant ROS (Jiang and Zhang 2001 , Hu et al. 2005 , Zhu et al. 2016 , so there is an ABA-induced positive feedback loop of H 2 O 2 generation (Shi et al. 2012 ). H 2 O 2 could induce OsLEA5 expression (Fig. 1C) ; to study the role of H 2 O 2 in ABA-induced OsLEA5 expression, we treated rice plants with two ROS manipulators, diphenylene iodonium (DPI), the NADPH oxidase inhibitor which blocks the ABA-induced H 2 O 2 production (Hu et al. 2005 , Hu et al. 2006 , and dimethylthiourea (DMTU), a scavenger of H 2 O 2 , and then exposed them to ABA treatment. Experimental results showed that pre-treatments with DPI or DMTU significantly blocked ABA-induced OsLEA5 expression (Fig. 4A) , suggesting that H 2 O 2 is required for ABA-induced upregulation of the expression of OsLEA5.
As shown in Fig. 3B , OsLEA5 could up-regulate the expression of Rboh genes, implying that OsLEA5 contributes to NADPH oxidases and ROS generation. Further NADPH oxidase assays and ROS content analysis showed an increased NADPH oxidases activity ( Values are means ± SE of three independent experiments. Means denoted by the same letter did not differ significantly at P < 0.05 according to Duncan's multiple range test. In (B-E), 1-5 stand for OsLEA5-OE1, -OE2, WT, OsLEA5-RNAi1 and -RNAi2, respectively. In (B-D), experiments were repeated at least three times with similar results.
by exogenous ABA was blocked, indicating that OsLEA5 participates in ABA-induced ROS generation, as does ZFP36 (Zhang et al. 2014 ). 3,3-Diaminobenzidine (DAB) and nitro blue tetrazolium (NBT) staining of H 2 O 2 and O 2 À , respectively, also confirmed that exogenous ABA or H 2 O 2 could induce more ROS in OsLEA5-overexpressing plants while there were less ABA or H 2 O 2 -induced ROS generation in OsLEA5-RNAi plants (Fig. 4B,  C ). We also showed that H 2 O 2 -induced ROS generation was earlier than induction by ABA, and the latest was the induction by NaCl. Interestingly, in the early stage, higher accumulation of H 2 O 2 in OsLEA5-overexpressing rice could lead to a lower H 2 O 2 content in the late period (Fig. 4B, C) ; this was consistent with the results of less cell membrane damage as shown in Fig. 2C , as early ROS is a signal to trigger antioxidant defense, thus resulting in less oxidative damage to plants cells.
The expression of ROS scavenger genes was also regulated by OsLEA5 (Fig. 3B) , and we further investigated the activity of antioxidant denfense enzymes; the results were consistent with the gene expression, in that OsLEA5-OE plants had higher APX (Fig. 4G) , catalase (CAT) (Fig. 4H ) and superoxide dismutase (SOD) (Fig. 4I) activities, while exogenous ABA could further enhance this. On the other hand, OsLEA5-RNAi plants had lower SOD, APX and CAT activities; however, ABA-induced enhancement was restrained ( Fig. 4G-I ), implying that OsLEA5 participates in ABA-induced ROS scavenging, as does ZFP36 (Zhang et al. 2014) .
Taking the results shown in Figs. 1B, 3B and 4 together, we hypothesize that OsLEA5 participated in the positive feedback loop of H 2 O 2 homeostasis.
A previous study revealed that OsLEA5-ZFP36 could directly target the OsAPX1 promoter, and there were similar expression patterns of OsLEA5 with ZFP36. We thus hypothesize that OsLEA5 contributes to stabilize ZFP36; to confirm this, ZFP36-Flag was introduced into rice protoplasts mediated by the PEG-calcium method, and the stability of ZFP36 was monitored after treatment with 10 mM cycloheximide (CHX) in the transfected protoplasts. As shown in Fig. 5A , after 4 h of treatment, ZFP36 was still stable in wild-type protoplast while protein degradation was seen with increasing time in OsLEA5-knockdown protoplasts by Western blot with Flag antibody. The results revealed that OsLEA5 contributed to stabilization of ZFP36.
To gain more insight into the functional significance of OsLEA5-ZFP36 interaction in ABA-induced signaling, we first checked the gene expression of OsLEA5 in ZFP36-OE and ZFP36-RNAi, and ,at the same time, the gene expression of ZFP36 in OsLEA5-OE and OsLEA5-RNAi. The results (Fig. 5B) showed ZFP36 significantly influenced the expression of OsLEA5, and OsLEA5 had a vprominent effect on ZFP36 expression. We transiently silenced OsLEA5 in protoplasts of the ZFP36-RNAi mutant, and the result revealed that silencing both OsLEA5 and ZFP36 (ZFP36-RNAi + OsLEA5-RNAi) led to a more severe inhibition of the activities of CAT and SOD compared with silencing OsLEA5 or ZFP36 alone (Fig. 5C) , suggesting that the two genes could act together during ABA-induced antioxidant defense. To examine this interaction hypothesis further, we transiently silenced OsLEA5 in ZFP36-OE protoplasts (ZFP36-OE + OsLEA5-RNAi). As shown in Fig. 5C , ZFP36-OE + OsLEA5-RNAi protoplasts exhibited lower activities of CAT and SOD than ZFP36-OE. When transiently overexpressing OsLEA5 in ZFP36-RNAi protoplasts (ZFP36-RNAi + OsLEA5-OE), the results showed that ZFP36-RNAi +OsLEA5-OE protoplasts exhibited higher activities of CAT and SOD than ZFP36-RNAi (Fig. 5C) , suggesting that increased expression of OsLEA5 could partially complement the effect of ZFP36 silencing in the regulation of antioxidant defense enzymes. These data provide evidence that OsLEA5 acts downstream of ZFP36 in ABA-induced antioxidant defense, and OsLEA5 could feedback-regulate the gene expression and protein stability of ZFP36.
Taken together, these results indicate that the overexpression of OsLEA5 in rice can enhance the accumulation of ABA, then promote the ability of rice plants to scavenge redundant ROS by stabilizing ZFP36 to modulate, directly or indirectly, antioxidant defense enzymes, thus resulting in the reduction of oxidative damage caused by drought stress and salt stress, increasing drought tolerance, leading to higher survival ratios and better growth than WT plants. On the other hand, silenced OsLEA5 in rice led to a lower concentration of ABA and decreased drought tolerance, resulting in lower survival ratios and worse growth than WT plants; therefore, OsLEA5 confers the tolerance to water deficit on rice.
The homologs of OsLEA5 in rice also interact with ZFP36, and 5C700 is a new co-activator while 5C300 is a new inhibitor of ZFP36 in regulating OsAPX1 promoter activity There are four members (OsLEA5, 5C300, 5C700 and OSJNBa0032G11) in subgroup 5C of LEA proteins (He et al. 2012) ; to test whether other homologs of OsLEA5 act by the same mechanism, we chose to test 5C300 and 5C700. We performed yeast two-hybrid assays and bimolecular fluorescence complementation (BiFC) tests. For yeast two-hybrid assays, the coding sequence of ZFP36 was inserted into the pGBKT7 vector to obtain BD-ZFP36 (Huang et al. 2018) or the pGADT7 vector to construct AD-ZFP36, while the coding sequence of 5C300 or 5C700 was inserted into the pGADT7 vector to construct AD-5C300/5C700 or the pGBKT7 vector to construct BD-5C300/ 5C700. As shown in Fig. 6A , both 5C300 and 5C700 interacted with ZFP36. For BiFC assays, the coding region of ZFP36 was cloned into the plasmid pSPYCE (YFP C ) to generate the construct pSPYCE-ZFP36 (ZFP36-YFP C ), while 5C300/5C700 was inserted into pSPYNE (YFP N ) to construct SPYNE-5C300/5C700 (5C300/5C700-YFP N ), and YFP was reconstituted when 5C300/ 5C700 and ZFP36 were transiently co-expressed in onion (Allium cepa) epidermal cells (Fig. 6B) . In contrast, co-expression of YFP N and ZFP36-YFP C , or 5C300/5C700-YFP N and YFP C , did not result in fluorescence (Fig. 6B) , which ensured that the 5C300/5C700-ZFP36 interaction was specific, and the BiFC experiments also revealed that 5C300/5C700-ZFP36 interacted in the nucleus (Fig. 6B) . The homologs of OsLEA5 interacting with ZFP36 implied that ZFP36 had more than one interacting protein, and the 5C subgroup of LEA proteins may act as chaperones of ZFP36. The rice seedlings were treated with 50 mM ABA for 2 h, and the relative expression levels of OsLEA5 and ZFP36 were analyzed. (C) OsLEA5 acts downstream of ZFP36 to regulate ABA-induced SOD and CAT activities. The activities of SOD (up) and CAT (down) in OsLEA5-OE, OsLEA5-RNAi, ZFP36-OE, ZFP36-RNAi, transiently silenced OsLEA5 in ZFP36-OE protoplasts (OsLEA5-RNAi + ZFP36-OE), transiently silenced OsLEA5 in ZFP36-RNAi protoplasts (OsLEA5-RNAi + ZFP36-RNAi), transiently overexpressed OsLEA5 in ZFP36-OE protoplasts (OsLEA5-OE + ZFP36-OE) and transiently overexpressedOsLEA5 in ZFP36-RNAi protoplasts (OsLEA5-OE + ZFP36-RNAi). The protoplasts were treated with culture medium (-ABA) or 10 mM ABA (+ABA) for 10 min. The activities of CAT and SOD were measured as described in the Materials and Methods. Values are means ± SE of three different experiments. Means denoted by the same letter did not differ significantly at P < 0.05 according to Duncan's multiple range test.
To test whether 5C300/5C700 could regulate OsAPX1 promoter activity, we performed a tobacco transient assay. We constructed the OsAPX1 promoter fused to the luciferase (LUC) reporter (Fig. 6C) . The reporter and effector plasmids were co-infiltrated into tobacco leaves. As shown in Fig. 6D , the LUC reporter gene was activated by ZFP36, OsLEA5 or 5C700, and LUC activity was highly promoted by co-expressing ZFP36 and 5C700 with the OsAPX1 promoter. Additional ABA treatment could increase OsAPX1 promoter activity, and the increase was elevated with overexpression of ZFP36, OsLEA5 or 5C700, and co-expression of ZFP36 with OsLEA5/5C700. Interestingly, 5C300 could partially inhibit OsAPX1 promoter activity; however, co-expression of ZFP36 with 5C300 could increase OsAPX1 promoter activity, and the increase was lower than with overexpression of ZFP36 alone. This implied that 5C300 could decrease the binding affinity of ZFP36 for the OsAPX1 promoter.
To test whether 5C700 or 5C300 expression was induced by ABA, qRT-PCR analysis was performed on total RNA isolated from rice leaves which were treated with ABA. We found that the expression of 5C700 displayed a biphasic up-regulated pattern after ABA treatment (Fig. 7B) , while 5C300 expression was inhibited under ABA treatment at 3 h (Fig. 7B) . Investigation of the sublocalization in onion epidermal layers revealed that 5C300 was, like OsLEA5, distributed in the cell membrane, cytoplasm and the nucleus (Fig. 1B) , while 5C700 was only located in the nucleus (Fig. 7A) . The results revealed that 5C700 could further enhance the OsAPX1 promoter activity by interacting with ZFP36, and 5C300 could repress the activating activity of ZFP36 on the OsAPX1 promoter. ZFP36/OsLEA5/5C700/5C300 was used as the effector, and the plasmid ProOsAPX1: LUC was used as the reporter. 35S:GFP was used as a control. (D) Transactivation activity was detected by LUC activity after the effectors and reporter plasmids were co-infiltrated into Nicotiana benthamiana. Quantitative analysis of the fluorescence intensity by the Luciferase Assay System kit (Promega). Experiments were repeated three times with the same result. Values are means ± SE of three independent experiments. Means denoted by the same letter did not differ significantly at P < 0.05 according to Duncan's multiple range test. (E) The sublocalization of 5C700 or 5C300. 35:5C700/5C300-GFP were transferred to the Agrobacterium tumefaciens EHA105 strain and then were transformed to tobacco epidermal layers by infiltration, and the GFP signal was detected after culture for 3 d.
Discussion
Recent studies have revealed that some LEA proteins play a vital role in the response of plants to various abiotic stresses, such as drought, salt and low temperature (Park et al. 2011 , Lin et al. 2012 , Drira et al. 2013 , Liu et al. 2013 , Lim et al. 2015 . As LEAs function by resisting cell structural collapse (Tompa et al. 2006 , Mouillon et al. 2008 , aiding in the formation and stability of the intracellular glassy state (Tunnacliffe et al. 2010 ) and interacting with the hydrophilic surface of a substrate (Tompa and Kovacs 2010) , they have attracted much research interest. Here we present the function of OsLEA5 in Oryza sativa L. Tissue-specific high expression of OsLEA5 in root and leaf (He et al. 2012) (Fig. 1A) implied that OsLEA5 may function during root growth and leaf functions. Due to a wide range of functions of LEA proteins in response to abiotic stresses and the multifunction of OsLEA5 in E.coli (He et al. 2012) , we hypothesize that OsLEA5 may be involved in response to abiotic stresses in rice. A previous study demonstrated that OsLEA5 was a co-regulator of transcription factor ZFP36 in modulating the antioxidant defense enzyme OsAPX1 in rice seeds (Huang et al. 2018) . ZFP36 is a key factor in ABA-induced antioxidant defense (Zhang et al. 2014) and acts as a negative factor in broad-spectrum blast resistance in rice (W. ; to date its molecular mechanism has not been well characterized. In this study, we demonstrated that OsLEA5 also participated in ABA-induced antioxidant defense and functioned in response to drought and salt stress in an ABA-dependent manner. This conclusion was based on the following results. First, ABA, H 2 O 2 , PEG and NaCl (Fig. 1B) treatment could significantly induce the expression of OsLEA5. Secondly, OsLEA5 participated in H 2 O 2 homeostasis (Fig. 4) , as OsLEA5 was involved in ABA-induced H 2 O 2 generation and antioxidant defense. OsLEA5 could enhance the expression and enzyme activities of NADPH oxidases (OsRbohB and OsRbohE) and increase the expression and enzyme activities of antioxidant defense enzymes APX, CAT and SOD to mitigate oxidative damage (Figs. 3B, 4) . Finally, overexpression of OsLEA5 could accumulate ABA content (Fig. 3D) and enhance salinity and drought tolerance, while silenced OsLEA5 inhibited the accumulation of ABA and conferred decreased seedling tolerance (Fig. 2) . Additionally, the localization of OsLEA5 in the cell membrane (Fig. 1C) implied the different roles of OsLEA5 compared with other LEA proteins such as PsLEA, which is a mitochondrial-localized protein which protects enzymes from drying (Grelet 2005) , and AcLEA, which was localized in the cytoplasm of Nicotiana benthamiana protoplasts (Saucedo et al. 2017 ). However, 36 LEA proteins were localized to the cytosol, three proteins were located in plastids or mitochondria, three proteins were residents of the endoplasmic reticulum and two were vacuolar in Arabidopsis thaliana (Candat et al. 2014) .
ABA is an important stress hormone (Jiang and Zhang 2001 , Hu et al. 2005 , Bright et al. 2006 , Cruz et al. 2014 , Großkinsky et al. 2014 , Li et al. 2015 , Ye et al. 2017 ; our results showed that overexpression of OsLEA5 in rice could lead to the Fig. 7 The sublocalization of 5C700/5C300 and ABA-induced expression of 5C700/5C300 in rice leaves. (A) The sublocalization of 5C700 or 5C300. 35:5C700/5C300-GFP were transferred to Agrobacterium tumefaciens EHA105 strain and then were transformed to tobacco epidermal layers by infiltration, and the GFP signal was detected after culture for 3 d. (B) Time course of changes in the expression of 5C700/5C300 in leaves of rice plants exposed to ABA treatment. The rice seedlings were treated with 50 mM ABA for various times as indicated, and the relative expression level of 5C700/5C300 was analyzed by qRT-PCR. Values are means ± SE of three independent experiments. *P < 0.05 and **P < 10.01. accumulation of ABA content (Fig. 3D) and thus the enhancement of water deficit tolerance (Fig. 2) , while silenced OsLEA5 in rice could reduce the accumulation of ABA (Fig. 3D) and elevate the sensitivity to water deficit (Fig. 2) . The mechanism by which OsLEA5 participates in the response to drought and salt stress may be complicated. In this study, our results showed that H 2 O 2 was required for ABA-induced OsLEA5 expression; moreover, OsLEA5 regulated the generation of H 2 O 2 ; in the early stage, highly accumulated H 2 O 2 concentration in OsLEA5-overexpressing rice was found, while decreased H 2 O 2 was measured in OsLEA5-silenced rice (Fig. 4) . The similar expression pattern of OsLEA5 (Fig. 1B) with ZFP36 (Zhang et al. 2014) implies that OsLEA5-ZFP36 interaction seems to be a key factor in the feedback up-regulation of the generation of H 2 O 2 . An early low content of H 2 O 2 is considered to act as the signal in response to osmotic stress (Hu et al. 2005 ). An elevated level of H 2 O 2 in OsLEA5-overexpressing plants probably contributes to drought or salt tolerance by triggering downstream stress responses; for example, OsAPX1 acted as a downstream stress-induced gene of OsLEA5, and OsLEA5 could elevate the OsAPX1 promoter activity by interacting with the transcription factor ZFP36 (Huang et al. 2018) which is a key factor in accommodating ROS homeostasis (Zhang et al. 2014) . Whether ZFP36 could directly bind to the promoters of ROS generation or other ROS-scavenging genes needs further study. OsLEA5 could enhance the ABA level via up-regulating the ABA biosynthetic genes and down-regulating the ABA degradation genes; whether ZFP36 could also regulate ABA biosynthesis is unknown, and whether it is directly targeted to ABA biosynthetic genes and ABA degradation genes still needs further investigation. Future work on whether OsLEA5-ZFP36 interaction commonly participates in ABA signaling might help us understand the regulatory mechanism precisely.
The homolog 5C700 of OsLEA5 could also further enhance the OsAPX1 promoter activity by interacting with ZFP36 to modulate H 2 O 2 homeostasis, while the homolog 5C300 of OsLEA5 seemed to inhibit the ZFP36-induced elevation of the OsAPX1 promoter activity in the ABA pathway by interacting with ZFP36 (Fig. 7) . The sublocalization in onion epidermal cells of 5C700 (Fig. 7) , which was only located in the nucleus, was different from that of 5C300 and OsLEA5 (Fig. 1B) , implying that different localization of proteins may have different functions. As a functional protein, we conclude that OsLEA5 acts as a chaperone of the transcription factor ZFP36 to regulate downstream genes by stabilizing ZFP36, suggesting that chaperone regulation is involved in controlling ZFP36 activity. 5C700 was a homolog of splicing factor U2af large subunit A, and 5C300 was a homolog of serine/arginine-rich splicing factor SR45; their co-regulating mechanism may be different from that of OsLEA5, and this needs further investigation.
Based on the above results, we proposed a hypothetical model for the role of OsLEA5-ZFP36 interaction in ABAinduced antioxidant defense (Fig. 8) . In brief, OsLEA5 participates in the whole process of ABA-induced antioxidant defense, including regulating ABA-accumulation and ROS homeostasis.
Materials and Methods
Plant material and growth conditions
Seeds of rice (Oryza sativa L. sub. japonica cv. Nipponbare) were grown hydroponically with a nutrient solution in a light chamber at a temperature of 28 C (day) to 22 C (night), a photoperiod of 14/10 h (day/night) and photosynthetic active radiation of 200 mmol m À2 s
À1
. When the second leaves were fully expanded, the plants were treated with 50 mM ABA, 10 mM H 2 O 2 or 10% PEG 6000, and 150 mM NaCl for the indicated time. To study the effects of inhibitors, the plants were pre-treated with 100 mM DPI and 5 mM DMTU for 4 h, and then exposed to 50 mM ABA treatment under the same conditions as described above. After treatments of rice plants, the leaves were sampled and immediately frozen under liquid N 2 for further analysis.
Subcellular localization
The OsLEA5/5C300/5C700 cDNA fragment was amplified from the rice cDNA library with a pair of OsLEA5-specific primers, and OsLEA5 was cloned into a pXZP008-YFP vector under the Cauliflower mosaic virus 35S promoter, while 5C300/5C700 was inserted into the pSUPER1300 vector. An OsLEA5-YFP fusion construct was transiently transformed into rice protoplast cells using the PEG-mediated method. 5C300/5C700-green fluorescent (GFP) fusion constructs were transiently introduced into 25-day-old tobacco leaves by Agrobacterium tumefaciens strain EHA105-mediated transformation (Hiei et al. 1994) , and the imes were captured by a ZEN 2012 Zeiss laser confocal microscope.
RNA extraction and qRT-PCR analysis
Plant tissues were prepared in liquid N 2 , and total RNA was extracted using RNAiso (TAKARA), and reverse transcribed by a reverse transcripase kit (Applied Biological Materials) according to the manufacture's protocol. qRT-PCR was performed using 2 Â SYBR master mix (Applied Biological Materials) with diluted (15 times) cDNA using the Applied Biosystem 7500. The primers are listed in Supplementary Table S1 .
The generation of transgenic plants
Full-length OsLEA5 was amplified by PCR using specific primers (see Supplementary Table S1 ) and cloned into the pSUPER1300 vector using the HindIII and KpnI restriction enzyme sites (TAKARA) to construct pSUPER1300-OsLEA5. The recombinant plasmid was sequenced and introduced into rice by A. tumefaciens strain EHA105-mediated transformation (Hiei et al. 1994 ). OsLEA5-RNAi plants were obtained as previously reported (Hiei et al. 1994 ).
Drought and salt tolerance assays
To evaluate the performance of the transgenic rice plants under abiotic stresses, the seeds of T 3 transgenic lines were germinated and grown in a light chamber as described above. For the analysis of survival rate and growth, the rice seedlings were treated with 20% PEG 6000 and 150 mM NaCl for the indicated time, and the survival rates of the rice plants were determined after recovery by rewatering for another 14 d.
Determination of cell membrane oxidative damage
For the cell membrane oxidative damage assay, the content of MDA was measured. The PEG or NaCl-treated rice leaves were homogenized by 10% trichloroacetic acid containing 0.65% 2-thiobarbituric acid and then heated at 95 C for 15 min, as reported by Hodges et al. (1999) . The percentag electrolyte leakage was measured as described by Jiang and Zhang (2001) ; the rate of ion leakage is calculated as the percentage of initial conductivity divided by the total conductivity.
Enzyme assays
Rice leaves were homogenized in a solution of 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA and 1% polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 12,000Âg for 30 min at 4 C and the supernatant was immediately transferred to 4 C for the antioxidant enzyme assays.
The total activities of APX, SOD and CAT were determined as described previously (Jiang and Zhang, 2001 ). For NADPH oxidase activity assay, the leaves of ABA-treated plants were collected, and the plasma membranes of transgenic and WT plants were isolated by the two-phase aqueous polymer partition system, and then transferred to 4 C for detection of the activity of NADPH oxidase. The activity of NADPH oxidase was calculated by measuring the SOD-inhibitable and NADPH-dependent reduction of the substrate XTT {3'-[1-[phenylamino-carbonyl]-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzenesulfonic acid hydrate} by O 2-as described by Sagi and Fluhr (2001) .
ROS detection
O 2À was determined using NBT, while H 2 O 2 was visualized by confocal laser scanning microscopy and DAB histochemical staining. For NBT or DAB staining assay, leaves subjected to different treatments were detached from plants and immediately transferred to NBT solution (1 mg ml -1 NBT plus 10 mM NaN 3 solution in 10 mM potassium phosphate buffer pH 7.8) or DAB solution (1 mg ml -1 , pH 5.5) ensuring that the whole wounded side was immersed in the solutions as reported (Mao et al. 2017) .
H 2 O 2 production in protoplasts was monitored using the H 2 O 2 -sensitive fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCF-DA; Molecular Probes) as described (Bright et al. 2006 , Shi et al. 2012 , Zhang et al. 2014 . Images acquired were analyzed using Zeiss 2012 software. Data are presented as mean pixel intensities. A total of 1,500 protoplasts were observed per treatment for three independent replicates. H 2 O 2 from leaves was extracted according to a previously described method (Rao et al. 2000) . The content of H 2 O 2 in leaf extracts was determined using the Hydrogen Peroxide Assay Kit (Beyotime Institute of Biotechnology) according to the manufacturer's instructions.
UPLC-MS/MS analyis of ABA content in leaf extracts
Frozen rice samples were ground in N 2 with a mortar and pestle, extracted with 2 ml of methanol and kept overnight at -20 C, centrifuged at 12 000Âg for 30 min at 4 C and the supernatant was dried under N 2 and purified by an Oasis MAX solid phase extraction (SPE) column (Waters), which had been sequentially pre-conditioned with 6 ml of methanol, 6 ml of ultrapure water and 6 ml of 80% methanol. The LC system of Waters ACQUITY UPLC was used with a Waters ACQUITY UPLC BEH C 18 column. ABA was separated with a mobile phase consisting of acetonitrile and water, both of which contained 0.05% acetic acid (v/v). The total content of ABA was determined as described (Lin et al. 2015) .
Yeast two-hybrid assay and BiFC test
For yeast two-hybrid assays, Saccharomyces cerevisiae strain Y2H Gold (Clontech) transformed with the indicated construct (bait) was grown on synthetic dropout (SD)/-Trp, and yeast strain Y187 with the indicated constructs (prey) was grown on SD/-Leu. The two transformed yeast strains were mated with 2Â YPDA for 24 h, and were grown on SD/-Trp-Leu (SD/-T-L) at 30 C for 3-5 d; the transformants were then transferred to SD/-Trp-Leu-His-Ade plus Xa-gal and the antibiotic aureobasidin A (AbA r ) (SD/-T-L-H-A/X-a-gal/AbA r ) to test the growth conditions and blue colony.
For BiFC assay, the ZFP36-YFP C construct was obtained by Huang et al. (2018) , and 5C700 or 5C300 without the stop codon was cloned into the XhoI-KpnI sites of pSPYNE to generate the 5C300/5C700-YFP N plasmid. 5C300/5C700-YFP N combined with ZFP36-YFP C were bombarded into onion (A. cepa) epidermal cells, and the yellow fluorescence signal was detected as described previously (Waadt et al. 2008 ).
Tobacco transient assay
For tobacco transient expression to demonstrate transactivation or transinhibition, 25-day-old N. benthamiana leaves were used for infiltration performed as reported by Shen et al. (2016) . To create the ProOsAPX1-LUC fusion construct (reporter), the 1,997 bp promoter region of OsAPX1 was amplified using Kodaq 2Â PCR Mastermix (Applied Biological Materials) with SmaI and HindIII sites, and inserted into a firefly luciferase reporter carrier plasmid pCAMBIA1381Z-LUC. To obtain effectors, the coding sequence of 5C700 or 5C300 was interted into the PstI and KpnI sites of pSUPER1300, and the ZFP36 effector was obtained according to Huang et al. (2018) . The effector or reporter constructs were transferred into A. tumefaciens (strain EHA105), and then they were infiltrated into tobacco. After incubation for 3 d, total proteins were homogenized for LUC (firefly luciferase) activity assay, or fresh tobacco leaves were inbubated with D-luciferin buffer for LUC imaging based on the bioluminescent segregation ratio using a charge-coupled device (CCD) camera (Tanon 4200 SF; Tanon Technology, Ltd.) as described previously (Shen et al. 2016 ).
Supplementary Data
Supplementary data are available at PCP online.
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